Abstract. We present an improved method for determining statistically significant alignments of pointlike features. One of the principal such methods now in use, the two-point azimuth method, depends on a homogeneous distribution of points over the region of interest. Modification of this approach by use of the relatively new statistical technique of kernel density estimation permits treatment of heterogeneous point distributions without introducing substantial dependence on choice of the grid employed in the test for significance of apparent preferred orientations. The improved method can selectively reveal alignments on different spatial scales and can suggest the locations of aligmnents as well as their orientation. We use this method to analyze the spatial distribution of 416 vents, largely of Pleistocene age, in the Pinacate volcarde field, Sonora, Mexico, just east of the northern end of the Gulf of California. Apart from a few sets of aligned cinder cones, the distribution of Pinacate vents appears nearly random on aerial and space photography. However, when treated statistically, old Pinacate vents exhibit structural control trending approximately N 10øE throughout the field and in all its subareas. In contrast, vents with ages estimated by comparison with dated cones to be younger than about 0.4 Ma show not only the N10øE control but also N20øW and N55øW alignments significant at the 95% confidence level. The N10øE alignment probably reflects the current Basin and Range horizontal stress regime in this particular area, which is atop the mantle magma source of the Pinacate lavas. The N55øW direction is related to a major regional fracture of that orientation passing through the middle of the field and possibly related to normal faults associated with opening of the adjacent Gulf of California. The distribution of vents relative to the fraeture trace is consistent with magma having been guided upward along a SW dipping fault plane. The origin of the N20øW alignment is unknown but of pre-Pleistocene heritage. We found no evidence to support control of the Pinacate vent alignments parallel to rifting or transform directions in the adjacent Gulf. Intrusion along N20øW and N55øW fractures at or since about 0.4 m.y. ago could reflect either a shift in the crustal stress field or an increase in magma pressure in Pinacate conduits that allowed magma to ascend along structures that were not parallel to the maximum horizontal compressive stress.
Introduction
The spatial distribution of volcanic vents reflects both magma source distribution and control of magma ascent by regional stresses and structures. Methods for detecting and characterizing volcanic vent alignments provide information about one aspect of volcanic vent distributions. The two-point azimuth method [Lutz, 1986] has been used to determine the orientations of alignments Cross, 1988, 1989; Connor, 1990; Connor et al., 1992] . The method involves the frequency distribution of the azimuths defined by lines connecting all possible pairs of vents. As originally employed, this method did not find the locations of the alignmeres or the scale of the alignments, nor did it take into account other as-methods explicitly takes into account the fact that alignments within a volcanic field can develop at different spatial scales. The possibility that different methods could separate alignments on different scales in some circumstances was suggested by Zhang and Lutz [1989] . In the present study, we develop refinements to the two-point azimuth method that can selectively reveal alignments on different scales and can suggest the locations of alignments as well as their orientation. By providing a quantitative basis for studying scales of alignments, these refinements may provide greater insight into the mechanisms by which alignments form. For example, the influenee of regional structures on the distribution of vents in volcanic fields can be compared with the more local effects of dike emplacement on the formation of lines of vents.
Two-Point Azimuth Method Using Kernel Density Estimation
Lutz [1986] presented a method to estimate the statistical significance of alignments of points based on the staffsties of the azimuths of line segments connecting every possible pair of points in a set. This procedure is generally known as the two-point azimuth method Cross, 1988, 1989; Connor, 1990] . Peaks in the frequency distribution of the azimuths are expected to result from preferred alignments of points in response to structural control [Lutz, 1986] . The azimuths at which peaks occur correspond to compass directions in which points tend to be preferentially aligned.
To determine whether peaks in the frequency distribution result from significant alignments of points, the observed distribution is compared to frequency distributions from Monte Carlo simulations for which points are assigned randomly to a region with the same shape as the real area of interest [Lutz, 1986] . If the data points are approximately homogeneously distributed, the simulated points can be generated based on a homogeneous Poisson model. Lutz [1986] suggested that if the data points were inhomogeneously distributed, the region could be divided into subregions in which the points were nearly homogeneous.
A more general strategy is to compare the observations to a Monte Carlo model that incorporates variations in the areal density of the points. A three-dimensional analog of this approach was used by Fehler et al. [1987] in applying a threedimensional extension of the two-point azimuth (TPA) method to earthquake hytx•enters. Wadge and Cross [1989] used this approach in two dimensions in their study of volcanic vents in the Pinaeate field. In these implementations, the region is subdivided into cells on a rectangular grid, and each cell is assigned a Poisson density equal to the number of observed points divided by the area of the cell. The set of cell densities that covers the entire region is called the density model for the region. Randomly assigning points to the region based on the Poisson probabilities will statistically reproduce variations in areal density on scales larger than the cell size.
A weakness of density models defined by grid cells is that the cell densities depend on the placement of the grid relative to the points. Small shitis in the location of the grid ( Figure  1 ) or changes in orientation can yield significantly different models. Thus, for a defined cell size the model is arbitrarily dependent on grid placement. A further weakness is that the scale on which a grid model smoothes heterogeneities is the same as the scale on which the density model is defined. As a result, the densities may vary abruptly from cell to cell. This is dearly an artifact of the modeling procedure, since the actual density of points might be a smoothly varying function of position and any actual discontinuities would only eoineidentally be related to the cell edges.
The kernel density estimator used in this paper yields areal density models that are not strongly affected by the deficiencies of the grid cell method. Silverman [1986] reviews the literature on the relatively new field of kernel density estimation.
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The concept of a kernel estimator can easily be visualized in one dimension (Figure 2 ). Imagine that a symmetrical function, called the kernel function, is placed at the coordinate of each datum. The sum of the kernel functions over all the data is an estimate of the density. In mathematical terms, the resulting density model can be thought of as the convolution of the data with the kernel function.
The half width h of the kernel function determines the degree to which individual data are resolved (Figure 2) . A range of widths provides a set of models (e.g., Figures 2a-2d) . In this example, data, or groups of data, which are separated by more than 2h are perfectly resolved by the model (e.g., all data in Figure 2a ; groups 1+2, 3+4+5, and 6 in Figure 2c ). Data separated by less than about 1.4h are not resolved (e.g., no data or groups in Figure 2d ). Thus increasing h yields smoother models that only resolve the larger-scale features of the data.
When applied to points in a plane, the kernel function smoothes the data in two dimensions. We use the twodimensional analog of the quadratic kernel shown in Figure 2 , the bivafiate Epanechnikov kernel [Silverman, 1986] . This kernel function has a high statistical efficiency and involves a relatively low degree of computational effort. The density model consists of the density values in every cell of a rectangular grid that spans the sample region. The linear density in any particular cell is the sum of the kernel functions of all the data, evaluated at that eell's center.
The advantages of the kernel estimator derive from the fact that the scale on which the model is gridded can be independent of the width of the kernel used to smooth the data. In particular, the grid cells can be made much smaller than the half width of the kernel function. If the grid spacing is less than h, the maximum half width of the kernel, the density model is insensitive to the orientation and location of the grid. The grid spacing can be made as small as practicable, given computer resources and speed. Although methods exist to choose an optimal kernel width with regard to particular measures of statistical performance, they do not interest us here. Rather, it is the fact that kernel models with different values of h can capture different features of the data (e.g., Figure 2 ) that makes them extremely valuable tools to obtain density models for the TPA method. To illustrate this point, we construct a set of 65 points within a circular region (Figure 3 Table 11 The vents were classified into one of three age categories (young, intermediate/indeterminate, and old) based on the degree of erosional modification and on stratigraphic relationships observed on stereo pairs and in the field. Several factors make age estimation difficult and uncertain. Variation in the aspect ratios of Pinaeate cones probably resulted locally from syneruptive processes and not just from erosion. Some Pinaeate cinder cones contain a higher proportion of erosionresistant, agglutinitie ejeeta than others. Differences in cinder cone structure, in emplaeement of dikes and sills, and in the degree of dismemberment by breaching flows [Gutmann, 1979] add further variability and uncertainty. Our classification doubtless involves some errors in such a large population of cones, but this problem could only be solved by very numerous absolute age determinations. Our "young" versus "old" characterizations should be valid for most vents.
Electronic supplement
Young cones are those which show well-defined cone shape and relatively modest dissection by erosion. The slopes of these cones can have deep fills but generally lack the sharply curving, large gullies that develop on the old cones. The outward dipping parts of their agglutinitic ruffs [Gutmann, 1979] 
19861.
A map of the vents (Figure 7) shows that the Pinacate field is not uniformly populated with vents. A notable feature of the vent distribution is a northwest trending band, densely populated with vents, that rims through the center of the field. Immediately south of this band, and parallel to it, is a region with relatively few vents. These features suggest that the parts of the Pinaeate field to the north and south of the region with few vents might be different from one another. For example, the north and south regions might be underlain by basement rocks that experienced different tectonic histories. We test this possibility by analyzing vents in the north and south regions separately.
We use a similar set of parameters in each analysis to make the results easier to compare. The density models are computed with a grid spacing of 0.75 km, small enough to ensure insensitivity to the location and orientation of the grid for the range of kernel widths (h= 5-15 km) used. Each vent was assigned a radial location uncertainty. Our conclusions are insensitive to the exact value of the uncertainty on a range from 0 to 500 m; an uncertainty of 50 m is used for the results pre- 
Origin of Vent Alignments
The presence of significant aligmnents suggests that the location of volcanic vents was controlled. In the large majority of TPA analyses performed as part of this study, significant alignments are detected only for h > 5 km. This fact suggests that the aligmnents do not generally consist of "perfect lines" of vents but that instead the vents form bands. The values of h at which significant aligmnents occur suggest that the bands are either many hundreds to a few thousand meters wide or that individual bands are separated by that much. We conclude that aligmnents in the Pinacate field are associated with broad linear zones in the basement rocks, or mantle, that controlled the production of magma or guided its ascent and not with laterally extensive dikes. This conclusion is consistent with the observation that linear arrays of vents are not prominent in the field or in air photos. The time at which Pinacate vents began to exhibit significant N55øW and N20øW control is poorly constrained. Owing to the uncertainty of individual cone age assigmnents and the large number of cones involved, it seems unlikely that the timing of the change can be closely defined, even with many more absolute age calibration points. Presently available data indicate that the N-S directional control was joined by N55øW and N20øW influences about 0.3-0.5 m.y. ago. Delaney et al. [1986] explored the relationship between horizontal principal stresses and magma pressure as it influences the orientations of fractures utilized by ascending magmas. They concluded that if the difference between the horizontal principal stresses is small relative to magma pressure, vertical dikes can intrude not only along planes perpendicular to the least compressive stress but also along fractures at lesser angles to that stress. Judging from the several short N-S lines of contemporaneous vents [Lynch, 1981 ] , least compressive stress in this area evidently is oriented close to E-W. The analysis of the Pinacate vents makes clear the correlated but different functions of density modeling and TPA. Vent density models at any value of h usually reveal many possibly significant spatial variations in density. Which of these, if any, are significant cannot be determined by inspection of the density map alone. TPA provides a means to evaluate the significance of aligmnents that appear on the density maps.
Conclusions
This study develops and demonstrates a refinement of the two-point azimuth CFPA) method that has several advantages.
The new method can more accurately determine alignments of pointlike features that are heterogeneously distributed. Kernel density modeling of the data removes ambiguities that can be introduced by other approaches.
Aligmnents on different spatial scales can be detected and characterized.
The locations of the vents in broad aligmnents are indicated by kemel density maps.
Vent locations in the Pinacate volcanic field reflect a change in stress conditions at about 0.3-0.5 Ma. During this time there was an increase in the ratio of magma pressure to the difference between the principal horizontal stresses. As a result, new structures in orientations not perpendicular to the minimum horizontal compressive stress were exploited.
.Among these was a N55øW trending fracture zone that may be a SW dipping listfie fault associated with opening of the Gulf of California . Structural control of magma ascent in the Pinacate field resulted in bands of vents perhaps as much as a few kilometers wide, and it did not produce numerous extremely linear chains of vents. At least one of these bands represents a major fault zone. The northerly elongation of the field itself may reflect the geometry of its mantle magma source region.
